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Cyclosporine A (CsA) in liposomes of dilauroylphosphatidylcholine (DLPC), containing 118 p.g of 
CsA/L of aerosol with a particle size of 1.6 to 1.7 jxm diameter, was inhaled by 10 nonsmoking, nor- 
mal volunteers each for 45 min. Aerosol was administered through an Aerotech II nebulizer (CIS-US, 
Inc., Bedford, MA) mouthpiece. Eight of the 10 volunteers had tracheal irritation and intermittent 
coughing following exposure. FEV, and FVC values were mildly reduced, but returned to normal in 
1 h. Blood chemical and hematologic values were unchanged at any time point after as opposed to 
before inhalation. Nine of the 10 volunteers later inhaled DLPC only, administered through the nebu- 
lizer mouthpiece. There was no change in FEV-, or FVC values, and there was no coughing or tracheal 
irritation. Subsequently, five of the volunteers who had previously had respiratory reactions inhaled 
CsA-DLPC liposome aerosol for 45-min, but through a mouth-only face mask. There was no tracheal 
irritation, coughing, or changes in spirometric measures. Blood concentrations of CsA at 1 5 min after 
the 45-min inhalation with a face mask averaged 83 ± 42 ng/ml (mean ± SD). At 24 h after treat- 
ment, CsA was undetectable in blood of the initial 10 volunteers. These studies indicate that CsA- 
DLPC liposome aerosol can be safely explored as a treatment for patients with moderately severe 
asthma. Gilbert BE, Knight C, Alvarez FG, Waldrep JC, Rodarte JR, Knight V, Eschenbacher 
WL. Tolerance of volunteers to cyclosporine A-dilauroylphosphatidylcholine liposome aerosol. 



The treatment of asthma with cyclosporine A (CsA) given 
orally has been reported by several investigators. Nizankowska 
and colleagues (1) described improvement in a patient with 
aspirin-induced asthma. During a several-month period of 
treatment, the patient's pulmonary function improved and it 
was possible to reduce the dose of prednisone. Szczeklik and 
coworkers (2), at the same clinic as Nizankowska and colleagues, 
reported similar improvement in six patients with longstanding 
asthma, and a reduction in their requirement for prednisone, 
but six other patients did not respond. In a more detailed study 
of 34 patients with steroid-resistant chronic asthma, these in- 
vestigators noted only limited benefit (3). Klein and associates 
(4) observed a marked reduction in severity of asthma and re- 
duced requirement for glucocorticoids in three patients given 
CsA by mouth. The foregoing studies used low oral doses of 
CsA, aimed at keeping blood trough levels of drug in the 
range of 70 to 150 ng/ml. Oral doses of up to 3.5 mg/kg/d were 
required to produce these levels. Fifty patients were involved 
in these studies, of whom 10 (20%) were considered to have 
improved. Treatment of one patient was discontinued because 
of hypertension. 

Alexander and colleagues (5) found that oral CsA treat- 
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ment at 5 mg/kg/d in a crossover study of 33 patients increased 
morning peak expiratory flows, with a reduction in exacerba- 
tions of asthma. Lock and coworkers (6), at the same clinic as 
Alexander and colleagues and using the same dose of CsA, 
found similar favorable results. In both of the preceding stud- 
ies there were some patients who did not respond to treat- 
ment, and there was hypertension, hypertrichosis, gum hyper- 
trophy, and other signs of intolerance to the drug. Mean 
values for creatinine and urea increased significantly in latter 
study by Lock and coworkers. 

The first group of patients, who received the lowest doses 
of CsA, showed a limited response to treatment and very little 
toxicity, whereas the second group, which received the higher 
dose, showed more favorable responses to treatment, but also 
had some definite findings of toxicity. 

A possible explanation for these variable responses to oral 
CsA treatment is contained in the work of Martinet and asso- 
ciates (7). They found that oral administration of CsA in high 
dosage did not benefit eight subjects with sarcoid. They fur- 
ther noted that mononuclear cells obtained from the subjects' 
lungs following 6 mo of treatment demonstrated the same de- 
gree of spontaneous release of interleukin-2 (IL-2) and mono- 
cyte chemotactic factor (MCF) in vitro as did cells obtained 
before treatment. Martinet and associates did, however, find 
that lung T-cells from sarcoid patients, when tested with CsA 
in vitro, showed almost complete suppression of the response 
to IL-2 and MCF. They also found that although trough levels 
of CsA averaged 220 ng/ml in blood, bronchoalveolar wash 
fluids contained undetectable amounts of CsA. It thus ap- 
peared that oral administration of CsA did not produce suffi- 
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cient concentrations of CsA in the lungs to provide effective 
therapy. 

Targeted delivery of CsA directly to the lungs by aerosol 
should increase the therapeutic availability of CsA for local- 
ized immunosuppression, which could in turn reduce the inci- 
dence of CsA-associated toxicity. We have previously reported 
the suitability of CsA-liposome aerosols for the distribution of 
CsA throughout the respiratory tract (8, 9), and the lack of 
acute toxicity of such treatment in rats (10). The study reported 
here extends these studies to the first clinical trial of a CsA- 
dilauroylphosphatidylcholine (DLPC) liposome formulation 
for aerosol administration in humans. 

METHODS 
Description of Subjects 

Ten nonsmoking normal, healthy volunteers (three female and seven 
male) between the ages of 22 and 54 yr were enrolled in the study (Ta- 
ble 1). Each subject was found to be healthy on the basis of history, 
physical examination, and spirometry. Female subjects were surgically 
sterile. Nine of the initial 10 subjects participated in Part 2 of the 
study, and five of the 10 participated in Part 3 of the study. Protocols 
were approved by the Baylor Affiliates Review Board, Baylor College 
of Medicine, and informed written consent was obtained from the vol- 



Screening Procedures 

Before the start of the study, a medical history was obtained and phys- 
ical examination performed on each subject. Blood chemistry values 
including electrolytes; renal and liver function tests; and cholesterol; 
complete blood count (CBC) with differential count; prothrombin 
time (PT), partial thromboplastin time (PIT); urinalysis; and CsA lev- 
els were obtained. Spirometry was done with the Sensormedics Model 
922 Automated Spirometer (Yorba Linda, CA) according to Ameri- 
canThoracic Society (ATS) guidelines (11). Predicted values for spirom- 
etry were taken from Crapo and colleagues (12). 

Study Procedures: Part 1 

Each subject received a continuous 45-min treatment with aerosolized 
CsA-DLPC (1:7.5, wt/wt) liposomes administered through the mouth- 
piece of an Aerotech II jet nebulizer (CIS-US Inc., Bedford, MA) op- 



erated at 10 L/min. Particle size of the aerosol at the tip of the mouth- 
piece was 1.6 p.m mass median aerodynamic diameter (MMAD), with 
a geometric standard deviation (GSD) of 2.4 as measured with an 
Andersen cascade impactor (Andersen Instruments Inc., Atlanta, GA) 
(10). Aerosol, generated from an aqueous suspension of liposomes, 
contained 113 |xg o f CsA/L. During exposure to aerosol, each subject 
was in the seated position in an aerosol collection chamber (Lone Star 
Medical Industries, Houston, TX), which was equipped with a high ef- 
ficiency particulate air (HEPA) filter, and air was evacuated continu- 
ously during and after aerosol exposures. 

Spirometry was repeated immediately after aerosol exposure and 
at 1, 6, and 24 h and 1 wk later. Laboratory tests were repeated at 24 h 
and at 1 wk later. CsA blood levels were not measured immediately, 
as in Part 3 (see below), but were measured 24 h after exposure. Ad- 
verse events were followed to resolution. 

Study Procedures: Part 2 

Based on the intermittent coughing noted during the initial evalua- 
tions of the aerosol treatment, a second aerosol experiment was con- 
ducted (Part 2) in which DLPC liposomes only were administered. All 
of the original 10 subjects were invited to return for Part 2 of the 
study. Nine of the 10 returned. The 10th subject had scheduling con- 
flicts and elected not to participate. Each subject received a continu- 
ous 45-min treatment of aerosolized DLPC liposomes administered 
through the mouthpiece of an Aerotech II nebulizer, with all condi- 
tions being the same as in Part 1. Spirometry was done before the 
treatment, and was repeated immediately after and at 1 h and 6 h. No 
laboratory tests were performed. Adverse events were followed to 
resolution. 

Study Procedures: Part 3 

To evaluate the possible role of CsA and/or the mouthpiece of the 
Aerotech II nebulizer in the intermittent coughing noted in Part 1 of 
the study, five of the 10 volunteers from Part 1, who had experienced 
coughing, were reevaluated with a mouth-only face mask (Hans Ru- 
dolph Inc., Kansas City, MO) for the administration of CsA-DLPC li- 
posomes. At the junction of the face mask with the aerosol input tube, 
a sidearm with a 24-in, 1-cm I.D. accordion tube, open at the end, was 
attached (13). This tube filled with aerosol during patients' exhala- 
tion, and provided aerosol for the subjects during periods of peak in- 
spiration. Some aerosol was visible escaping from the open-ended 
tube during subjects' exhalations. Each subject received a continuous 



inistered by Face Mask 
Part 3: CsA-DLPC 



Mean ± SD 34.6 ± 9.2 36.0 ± 8.6 35.3 ± 6.6 

Range 22.3-54.1 24.1-54.2 24.2-40.5 
Body weight, kg 

Mean±SD 76.8 ± 17.9 78.0 ± 18.6 74.1 ± 12.3 
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45-min treatment of aerosolized CsA-DLPC liposomes administered 
from an Aerotech II nebulizer attached by corrugated tubing to the 
mouth-only face mask. Particle size of the aerosol in the face mask 
was 1.7 u.m MM AD, with a GSD of 1.9, and the aerosol contained 122 
u.g of CsA/L. These values are very similar to those in Part 1 of the 
study. All other conditions were as in Parts 1 and 2. Spirometry was 
done before the treatment and repeated immediately afterward and at 
1 h. CsA blood levels were obtained 15 min after the end of the 45- 
min treatment. Adverse events were followed to resolution. 

CsA and DLPC Liposomes 

CsA-DLPC liposomes were prepared by lyophilization of a mixture of 
CsA and DLPC (1:7.5, wtAvt) dissolved in t-butanol (Fisher Scientific. 
Houston, TX) by Pharmacia Upjohn, Inc. (Albuquerque, NM) under 
contract. The liposomal drug was stored as a lyophilized powder at 
-20° C. Before use, 5 ml of sterile, endotoxin-free water for injection 
was added to each of three vials, and the reconstituted liposome prep- 
arations were shaken for 20 to 30 min at room temperature. The final 
concentrations were 5.5 to 6 mg of CsA/ml. The entire 5 ml of drug 
added to the nebulizer was sufficient for 15 min of aerosolization. Af- 
ter 15 min, new drug and nebulizer were used. 

Liposomes consisting of DLPC only were prepared by Avanti Po- 
lar Lipids (Alabaster, AL) as previously described (14), and were re- 
constituted to provide 37.5 mg of DLPC/ml H 2 0. 

Blood Chemistry, Hematology, and CsA Levels 

Blood chemistry analyses, as described earlier for the screening proce- 
dures, and CsA blood levels, were determined by the Department of 
Pathology of St. Lukes Episcopal Hospital, Houston, TX. The mini- 
mum CsA detection level with the high-pressure liquid chromatogra- 
phy (HPLC) methodology used was 25 ng/ml of blood. 

Regional CsA Dose Calculations 

Dosage calculations were based on the report of Phalen (15) that the 
average ventilation requirement for human adults is 0.108 L-min/kg of 
body weight, whereas the regional deposition of CsA was based on a 
lung model described by Persons and colleagues (16). Persons and col- 
leagues' model assumed a Vt of 1,000 ml, functional residual volume 
of 3,300 ml, respiratory rate of 2 s in and 2 s out. no pause, breathing by 
mouth, and a hygroscopicity equivalent to half-normal saline (0.0045 gm/ 
ml) with a density of 1 .0 gm/ml. The measured particle size was 1 .8 u.m 
MMAD, with a GSD of 2.0. 
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Statistical Analyses 

Data analyses were performed with the True Epistat statistical pack- 
age from Epistat Services, Richardson, TX. p Values (two-tailed) 
were based on analyses of data with Student's t test or the matched t 



RESULTS 

Exposure to CsA-DLPC Aerosol (Part 1) 

Groups of volunteers were exposed to liposome aerosols on 
three occasions (Table 1). In the first experiment, 10 volun- 
teers were given 45-min inhalations of CsA-DLPC liposome 
aerosol. In two succeeding experiments, subsets of the 10 vol- 
unteers were given 45-min exposures as indicated in Table 1. 
Spirometry (see Methods) was performed throughout. 

Table 2 shows the spirometric FEV, values recorded at the 
start of aerosol exposure and the percent change in these val- 
ues at the end of aerosol exposure in the first experimental 
group of 10 volunteers given CsA-DLPC liposomes by mouth- 
piece. The mean and individual FEV, and FVC values de- 
creased slightly from the start of aerosol exposure to immedi- 
ately following it. This slight depression immediately after 
exposure (-7.9%) was statistically significant for both FEV, 
(Table 2) and FVC (not shown) (p = 0.015 and p = 0.041, re- 
spectively; matched t test, two-tailed). Values at 6 h and 24 h 
and at 1 wk were almost identical to those at 1 h after expo- 
sure. Intermittent coughing and associated tracheal irritation 
of mild to moderate severity were experienced by eight of the 
10 volunteers (Table 2), sometimes beginning before the end 
of the 45-min exposure to CsA-DLPC. 

Exposure to DLPC-only Aerosol (Part 2) 

A few days after the end of the first study, nine of the volun- 
teers were given 45-min inhalations by mouthpiece of an aero- 
sol consisting of liposomes containing DLPC only (i.e.. vehicle 
control) (Tables 1 and 2). FEV, (Table 2) and FVC (not shown) 
values were unchanged before and after inhalations (—1.1%; 
Table 2). The change in FEV, was statistically significantly dif- 
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ferent from that measured with CsA-DLPC (Part 1) given by 
mouthpiece (p = 0.041; Student's / test, two-tailed). There was 
no coughing or tracheal irritation reported (Table 2). 

Exposure to CsA-DLPC Aerosol Administered by 
Mouth-only Face Mask (Part 3) 

A month after the completion of Part 2, five of the initial 10 
volunteers (Table 2), all of whom had reacted previously to 
CsA-DLPC aerosol, were given another 45-min exposure to 
CsA-DLPC in the same dosage as in the first part of the study. 
However, the aerosol was administered through a face mask 
that permitted breathing only by mouth. The aerosol particle 
characteristics and CsA concentration were the same as those 
when the mouthpiece was used (Part 1). As with the adminis- 
tration of DLPC only, there were no alterations in FEV, (Ta- 
ble 2) or FVC (not shown) values before or after inhalations 
(-0.4%; Table 2). The changes in FEV, immediately after ex- 
posure were statistically significantly different from those 
measured with CsA-DLPC (Part 1) given by mouthpiece (p = 
0.032; Student's / test, two-tailed). There was no coughing or 
tracheal irritation reported (Table 2). 

Regional Deposition 

Table 3 shows the calculated total and regional dose of CsA 
given to the 10 volunteers in a 45-min aerosol exposure. Based 
on a mean concentration of CsA in the aerosol of 118 |xg/L, 
the mean total deposited dosage was estimated to be 13.7 mg 
in 45 min, with 9.6 mg deposited in Weibel generations 17 to 
23 (lungs), 2.3 mg deposited in Weibel generations 0 to 16 (cen- 
tral airways), and 1.8 mg deposited in the mouth. The dosage 
of DLPC can be calculated by multiplying the CsA values by 
7.5, the ratio of DLPC to CsA in the aerosol. 

CsA Blood Levels 

Blood was drawn from each subject 15 min after the 45-min 
aerosol exposure by face mask, for measurement of CsA lev- 
els (Part 3). All five volunteers had measurable CsA levels 
ranging from 25 to 140 ng/ml, with a mean of 83 ng/ml (Table 
1). Blood was also obtained before and at 24 h after aerosol 
exposure with the mouthpiece (Part 1). None of these later 
specimens had measurable levels of CsA (minimum detection 
level: 25 ng/ml). 

Hematology and Blood Chemistry Results 

Hematology and blood chemistry analyses were performed on 
samples obtained at various times in Part 1 (see Methods). 



There were no significant variations in these values at any 
time in the study (data not shown). 

DISCUSSION 

This report has described three exposures of 10 volunteers or 
subgroups thereof to CsA-DLPC liposome aerosols. The lipo- 
somes were first inhaled through a plastic mouthpiece of an 
Aerotech II nebulizer by 10 volunteers. Many of the 10 vol- 
unteers experienced intermittent coughing and irritation asso- 
ciated with the exposure. A few days later, nine of the vol- 
unteers were given inhalations of DLPC liposome aerosol 
without CsA, again through a plastic mouthpiece. There was 
no coughing, irritation, or change in lung function. Five of the 
10 volunteers who had had the most severe reactions to the 
initial exposure were given CsA-DLPC liposome aerosol again, 
but this time through a face mask that allowed only mouth 
breathing (mouth-only face mask). There were no reactions to 
the treatment. That mouth-only breathing through a face mask 
was unaccompanied by the irritation that occurred when the 
plastic mouthpiece was used was not due to aerosol character- 
istics, since both particle size and CsA concentration were simi- 
lar. It may possibly be explained by the property of the mouth- 
piece of focusing a jet of aerosol on the back of the throat, 
where particles will impact and cause irritation. The five sub- 
jects who received CsA by face mask noted that they could as- 
sume more comfortable positions during exposure, and found 
the experience to be less stressful. 

Except for a transient and self-limited reduction in FEV ( 
and FVC values during and immediately after exposure, noted 
only in the 10 volunteers first treated with CsA-DLPC lipo- 
some aerosol given through a plastic mouthpiece (Part 1), 
there was no spirometric, hematologic, or blood chemical evi- 
dence of toxicity. The safety of the treatment is also supported 
by the finding of lack of toxicity of CsA-DLPC liposome aero- 
sol given to rats for 1 h daily for 28 d in the same concentra- 
tion used in the present study (10). 

Aerosol was administered to the volunteers for 45 min dur- 
ing each of the three experiments in the study. During this 
time, an average of 13.7 mg of CsA was estimated to be depos- 
ited in the lungs (Weibel generations 0 to 23), with 70% of the 
inhaled dose deposited in the alveolated area of the lungs 
(Weibel generations 17 to 23). There was thus a sharply tar- 
geted deposition in the lungs, with very little CsA deposited 
above the larynx, where it would be promptly swallowed and 
would be essentially oral medication. There would also be a 
slow upward movement of the deposition in Weibel genera- 



TABLE 3 

ESTIMATED EXPOSURE DOSE AND DEPOSITION OF CYCLOSPORINE A FOLLOWING AEROSOL ADMINISTRATION 



* Based on 0.108 L-min/kg of body weight (15). 

' Distribution of deposited dose with mouth-only breathing; based on Vt of 1 .000 ml, lungs (P, Weibel generations 1 7 to 23), 21 .9%; tracheobronchial (TB, Weibel generations 0 
to 16), 5.1%; mouth, 4.1% (16). 
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TABLE 4 

COMPARISON OF REGIONAL AND TOTAL AEROSOL 
DEPOSITION IN LUNGS WITH LARGE TIDAL AND 
FUNCTIONAL RESIDUAL VOLUMES AND SMALLER 
TIDAL AND FUNCTIONAL RESIDUAL VOLUMES 

Weibel 

Functional Generations 

Residual Volume - 

Vr(mi) (ml) Mouth 0-16 17-23 Total 

500 2,500 0.016 0.13 0.16 0.31 

1,000 3.300 0.028 0.13 0.19 0.34 



tions 0 to 16 by mucociliary action, although a portion of the 
CsA would probably be absorbed before this occurred. 

To estimate regional CsA deposition for volunteers with 
varying pulmonary dimensions, it was assumed that their Vt 
values and functional residual volumes would be approxi- 
mately proportional to those of Persons and colleagues' model 
(16). On that basis it was expected that regional deposition in 
normal subjects with smaller lung volumes could be calculated 
with the model. The calculated values shown in Table 4 ver- 
ify this assumption, in that an aerosol of 1.6 jim MM AD and 
with a GSD of 2.0 (nonhygroscopic) deposits almost identical 
amounts of CsA in the Persons and colleagues' model lung 
and in lungs with much smaller tidal and functional residual 
volumes. These data show closely similar patterns for regional 
deposition in patients with smaller values for tidal and func- 
tional residual volumes, that are approximately proportional 
to those of Persons and colleagues' model. This is the first use 
of this methodology so far as we know, but the level of agree- 
ment was excellent. 

If one assumes a weight of 700 gm for an average human 
lung (right and left), the maximum concentration of CsA in 
the lungs of the volunteers would be 11.9 mg/700 gm (Table 
3), or 17 M-g/gm of lung tissue. Blood levels immediately fol- 
lowing treatment averaged 83 ± 42 ng of CsA/ml. This would 
indicate a CsA concentration in the lungs of about 85-fold 
greater than the trough concentration in blood recommended 
for the treatment of lung-transplant rejection (i.e., 200 ng/ml), 
but with a blood concentration well below the recommended 
trough concentration of CsA. On the basis of studies in mice 
in which CsA is substantially cleared from the lungs within 1 
to 1.5 h after inhalation in liposomes, blood concentrations 
would be unlikely to exceed 83 ng/ml with this dose at any time. 

The method described here for total and regional CsA dose 
calculations can be applied to subjects with different lung sizes 
as long as they are based on individuals with normal lungs. We 
have done 99m Tc lung scans in patients with severe asthma and 
found that liposomes labeled with 99m Tc deposited more cen- 
trally (Weibel generations 0 to 16) than they would in normal 
lungs (17). Although, the degree of alteration of lungs in dis- 
ease will vary widely from time to time and in different pa- 
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tients, wide diffusion of drug is likely to occur in normal and 
diseased lungs when substantial concentrations of drug are de- 
posited in the lungs, diminishing the significance of differences 
in deposition due to disease. 

The findings in this report indicate that it is reasonably safe 
to continue to explore the use of CsA liposome aerosol treat- 
ment in subjects with asthma and other pulmonary hypersen- 
sitivity diseases. 

Acknowledgment: The authors gratefully acknowledge Dr. C. P. Yu's help- 
ful discussions on pulmonary deposition patterns. 
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